Summary. The effects of the immunosuppressive drug cyclosporin A (CsA) were evaluated on ROS 17/2.8 cells in vitro. ROS cells were treated with CsA (0, 0.5, 1.0, 5.0 ~g/ ml) for 3 days with and without bovine parathyroid hormone (bPTH) (1-34) 10 nM. CsA at 0.5, 1.0, 5.0 ~g/ml without PTH and at 5.0 ~g/ml in the presence of PTH significantly inhibited proliferation, as determined by a tetrazolium colorimetric assay. In addition, ROS cell number was significantly reduced at 3 and 4 days with CsA (5.0 txg/ml) without affecting cell viability. Incorporation of [3H]-thymidine into DNA was significantly reduced by 3.0 and 5.0 ~g/ml CsA after 12 and 24 hours exposure. Basal and 1,25-dihydroxyvitamin D3-stimulated alkaline phosphatase levels in confluent ROS cells were reduced (P < 0.05) with CsA (1.0 and 3.0 ixg/ml). Pretreatment of ROS 17/2.8 cells with CsA did not alter PTH-stimulated cAMP levels or [x25I]-PTHrP binding to ROS cells. CsA treatment of ROS 17/2.8 cells induced a spindle-shaped appearance with loss of attachment in confluent cultures. When ROS cells were cultured in CsAcontaining media, cellular attachment at 6 and 12 hours was reduced (P < 0.05) compared with untreated ROS cells. These findings indicate that CsA was capable of inhibiting proliferation, cell number, mitogenesis, alkaline phosphatase levels, and cell attachment of ROS cells without affecting PTH binding or cAMP levels. This direct effect of CsA on osteoblasts may be important in changes of bone remodeling observed in CsA-treated humans and animals.
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Cyclosporin A (CsA) is a potent immunosuppressive agent used in the prevention of graft rejection [1] . Cyclosporin A has been reported to inhibit bone resorption in vitro stimulated by parathyroid hormone (PTH), interleukin-1, prostaglandin E2, and 1,25 dihydroxyvitamin D [2] [3] [4] [5] . The immunosuppressive properties of cyclosporin A have been implicated to be responsible for its effects on bone as nonimmunosuppressive analogs of cyclosporin do not inhibit in vitro bone-resorbing activity [6] . Furthermore, CsA has been reported to inhibit production of tumor necrosis factor-ct and [3, and interferon-~ [7] which may be partly responsible for its actions on bone. Recently, it was reported that CsA administered in vivo has profound effects on bone remodeling including increased bone formation and both increased or decreased bone resorption [8, 9] . Patients treated Offprint requests to: L. K. McCauley with cyclosporin A in association with renal transplantation or vascularized bone grafts had increased osteoblastic and decreased resorptive parameters [10, 11] . These findings have stimulated interest in the cellular mechanisms of CsA on bone.
There have been numerous studies on the mechanism of action of CsA on T-lymphocytes as they are the traditional target cell for CsA [12, 13] . CsA has also been reported to affect other cell types including endothelial cells, keratinocytes, and hepatocytes [12, 14, 15] . A recent study of CsA effects on osteoclasts in vitro reported evidence that CsA inhibition of in vitro bone resorption was due to direct inhibition of the formation of osteoclasts, predominantly by decreasing osteoclast precursor fusion [16] . Most boneresorbing agents have been found to bind to and alter osteoblast function and do not directly modify osteoclast function [17] ; however, the characteristics of CsA action on osteoblasts are unknown. A better understanding of the mechanisms of CsA function on bone could provide valuable information regarding basic properties of bone remodeling, pharmacotherapeutic intervention in metabolic bone disease, and the consequences of immunosuppression in bone physiology. The purpose of this study was to investigate CsA effects on ROS 17/2.8 osteoblast-like cells in vitro by evaluating parameters of proliferation, hormone responses, alkaline phosphatase activity, and indices of cell attachment.
Materials and Methods
Cell Culture and Maintenance ROS 17/2.8 cells [18] were maintained in Dulbecco's Modified Eagle Medium (DMEM)-F12 media containing 50 mg/liter gentamicin sulfate supplemented with 5% fetal bovine serum. Cultures were kept at 37~ in a humidified 95% air/5% CO2 atmosphere, and were subcultured twice weekly. For all assays, CsA was initially dissolved in ethanol, then brought to desired concentration with culture media. The ethanol was never greater than 0.01% of the media concentration. Controls received media with an equivalent concentration of ethanol.
Determination of Cell Proliferation
Proliferation of ROS cells was evaluated by the colorimetric MTT (tetrazolium) assay. The MTT assay is dependent on the reduction of the tetrazolium salt MTT [3-(4,5-dimethylthazol-2-yl)-2,5-diphenyl tetrazolium bromide] by the mitochondrial dehydrogenase of viable cells to form a blue formazan product [19] . ROS cells were seeded at a concentration of 50,000/ml in a volume of 0.2 ml in 96-well plates (Costar, Cambridge, MA) and were treated for 4 days with varying concentrations of CsA with and without bPTH (1-34) l0 nM (Bachem Inc., Torrance, CA). Fresh media and treatments were added dally. At the end of the treatment intervals MTT (Sigma Chemicals Co., St. Louis, MO) [5 mg/ml in phosphate buffered saline (PBS)] was added to all wells (25 ~1 ) and incubated at 37~ for 4 hours. After the MTT incubation, 100 p~l lysing buffer (20% SDS, 50% dimethyl formamide, pH 4.7) was added to each well and incubated overnight at 37~ The resultant solution was read in a microplate reader at 580 nm. The optical density reflects the number of living cells present in culture.
CsA Effects on Cell Number and Viability
ROS 17/2.8 cells were plated in 24-well plates at an initial concentration of 50,000/ml/well. Cells were incubated overnight in media to allow cell attachment. Every 24 hours from 1-4 days, the media was aspirated and CsA or control media was replaced in the wells. Beginning on day 1, individual wells were trypsinized and cells were enumerated and viability evaluated via trypan blue dye exclusion. , Costa Mesa, CA) was added to a final concentration of 1.0 ~Ci/ml. At the end of the incubations each well was rinsed twice with 0.5 ml ice-cold Hanks buffered salt solution (HBSS) and twice with 0.5 ml ice-cold 10% TCA. The monolayer was lysed with 0.5 M NaOH, and the resultant suspension was counted in a beta scintillation counter.
3[H]-Thymidine Incorporation into DNA

Measurement of Alkaline Phosphatase Activity
Measurement of alkaline phosphatase activity was performed as described by Wrana et al. [20] . Briefly, confluent ROS 17/2.8 ceils were treated with CsA and/or 1,25-dihydroxyvitamin D 3 (1,25(OH)2D3), for 24 hours (unless otherwise indicated), rinsed twice with ice-cold HBSS, and scraped into 0.5 ml 50 mM Tris/HCl buffer, pH 7.4, and the dishes were rinsed with 1.0 ml Tris buffer. The cell suspension was sonicated on ice with a Branson Sonifier (Danbury, CT) and centrifuged for 5 minutes at 10,000 g. Ten microliters of the supernatant was mixed with 200 ~1 of substrate [7. 5 mM p-nitrophenyl-phosphate (Sigma), 2.6 mM MgC12, 0.33 M 2-amino-2-methyl-l-propanol, pH 10.3] in individual wells of a 96-well tissue culture plate. The plate was then incubated for 45 minutes at 37~ and the reaction was stopped with the addition of 90 ~1 0.5 N NaOH. The plate was read on a microplate reader at 410 nm, and compared against a standard curve obtained with p-nitrophenol (Sigma).
Protein concentrations were determined using a Micro BCA Protein Assay (Pierce, Rockford, IL).
Measurement of Adenylate Cyclase Stimulation
The adenylate cyclase stimulation assay and cAMP binding assay were performed as previously described [21] with the following modifications. ROS 17/2.8 ceils were grown 24--48 hours postconfluence in 24-well plates. CsA was incubated with confluent ROS cells in triplicate for 8--48 hours prior to a 10-minute incubation with bPTH (1-34) 0-10 nM at 37~ in calcium-and magnesium-free HBSS containing 0.1% bovine serum albumin (BSA) (Sigma) and 1 mM isobutylmethylxanthine (IBMX) (Sigma). The media was aspirated and 250 ~1 ice-cold 5% perchloric acid was added to each well. The plates were incubated at -20~ overnight to extract the cAMP. After thawing, the extract was transferred to tubes, the pH was adjusted to 7.5 with 4 N KOH, and the extract was centrifuged to remove the precipitate. The neutralized extract was then assayed for cAMP content using a cAMP binding protein assay.
The cAMP binding protein assay was performed as follows. 
PTH Receptor Binding Assays
[Tyr36]-PTHrP (1-36) (Bachem) was iodinated using Iodo Beads (Pierce, Rockford, IL) and purified by high performance liquid chromatography (HPLC) as previously described [21] . Briefly, 1 mCi [125I]Na (ICN Biomedicals) was added to one Iodobead and incubated at room temperature for 5 minutes prior to the addition of 10 txg [Tyr36]-PTHrP (1-36) in 0.5 M sodium phosphate buffer (pH 7.5).
After incubating the reaction mixture for 15 minutes at room temperature, the sample was injected into a Waters 600 HPLC system (Milford, MA) and separated on a VYDAC C4 reverse phase column (The Separations Group, Hesperia, CA). ROS 17/2.8 cells 24 hours postconfluence were incubated with CsA 3 ~g/ml in DMEM-F12 5% FBS for 5 hours at 37~ prior to receptor binding studies. After incubation, the media was removed and replaced with fresh media. To each well 50,000 cpm of monoiodinated [Tyr36]-PTHrP (1-36) was added in addition to varying concentrations of bPTH (1-34) (Bachem Inc.). The cells were incubated for 2 hours at 4~ on a rocker platform. The unbound peptides were washed off the cell monolayer twice with HBSS, the cells were lysed with 0.5 M NaOH for 30 minutes, and the resultant suspension was counted in a gamma counter. Specific binding was calculated by subtracting the radioactivity bound in the presence of excess bPTH (1-34) (1.0 ~M) from that observed in the presence of tracer only. Data are expressed as a percentage of maximal specific binding for each concentration of added bPTH.
Cell Attachment Assay
Confluent ROS 17/2.8 cells were trypsinized and suspended in control media or media containing CsA (1 ~g/ml final concentration) at a concentration of 100,000 cells/ml. One milliliter samples of each cell suspension were plated in a 24-well plate and allowed to attach to the plate surface for 1, 3, 6, and 12 hours. At the designated time points, each well was washed gently with HBSS twice and the remaining attached ceils were removed by trypsinization. Two samples of the trypsinized cell suspension from each of three wells per treatment group were enumerated via trypan blue dye exclusion. The number of cells attached to the well was expressed as a percentage of the total number of cells originally seeded in the well.
Statistical Analyses
Data for the proliferation and viable cell number assays were evaluated by analysis of variance followed by multiple comparisons using a corrected Bonferroni P value. Data for all other assays were evaluated using Student's t test. The statistics were performed using Instat 1.1 and a MS/DOS computer.
Results
CsA Effects on Cell Proliferation
CsA (0.5, 1.0, and 5.0 ~Lg/ml) significantly inhibited ROS cell proliferation after 3 days of treatment (Fig. 1) . When bPTH (1-34) (10 nM) was incubated with the ROS cells in addition to CsA, a similar pattern of inhibition was seen; however, only the CsA 5.0 Ixg/ml group was significantly different than control (Fig. 2) . This may indicate that PTH was effective in partial but not total prevention of the inhibition of proliferation due to CsA.
CsA Effects on Cell Number and Viability
Trypan blue dye exclusion enumeration of ROS cells treated with CsA was performed to further confirm the effects of CsA on cell proliferation and to determine if CsA affected cell viability: The results of CsA treatment over a 4-day period are illustrated in Figure 3 . Viability of ROS cells was greater than 90% for all groups. CsA significantly reduced cell numbers compared with control only at a concentration of 5.0 Ixg/ml on both days 3 and 4 of treatment.
~[H]-Thymidine Incorporation into DNA
The ability of CsA to modify mitogenesis was determined by 3[H]-thymidine incorporation into DNA. CsA significantly inhibited thymidine incorporation at 3.0 and 5.0 t~g/ml after a 24-hour treatment period (Fig. 4) . When an evaluation of mitogenesis was performed with CsA (3 ixg/ml) treatment for 4--24 hours, a significant reduction in thymidine incorporation was seen as early as 12 hours (Fig. 5) .
CsA Effects on Alkaline Phosphatase Activity
ROS cell alkaline phosphatase activity was significantly reduced after 24-hour treatment with CsA (1.0 and 3.0 Ixg/ml) compared with control (Fig. 6) . The reduction in alkaline phosphatase levels was significant at 24 hours, but not 4 and 8 hours (Fig. 7) . In addition, CsA treatment was capable of reversing the stimulatory effects of 1,25 (OH)zD 3 on alkaline phosphatase activity in confluent ROS cells (Fig. 8) . 
CsA Effects on Adenylate Cyclase Activity
The ability of CsA to alter PTH-stimulated adenylate cyclase activity was evaluated in confluent ROS cells. Bovine PTH (1-34) (10 riM) increased cAMP levels greater than tenfold; however, pretreatment for 24--48 hours with CsA (0-5.0 I~g/ ml) did not alter baseline or PTH-induced adenylate cyclase activity (data for CsA 3.0 Ixg/ml for 48 hours shown in Fig. 9 ; other data not shown).
CsA Effects on PTHrP Binding to PTH Receptors on ROS Cells
As bPTH and PTHrP have been found to bind with equal affinity to receptors on osteoblasts [22] , bPTH (1-34) during incubation of iodinated PTHrP (1-36) to ROS cells previously incubated in CsA or control media was capable of reducing binding of iodinated PTHrP (1-36) (Fig.  10 ). This indicated that PTHrP was an effective ligand to the PTH receptors on ROS cells; however, as there was no difference in percentage of maximal specific binding between control or CsA-treated cells, the CsA did not modify the PTH-receptor binding.
CsA Effects on ROS 17/2.8 Cell Morphology
Morphologic changes were apparent in ROS 17/2.8 cells after a 48-hour exposure to CsA (3 ixg/ml) prior to confluence (Fig. 11) . Preconfluent (Fig. lla) and confluent (Fig. llc) control cells demonstrate normal osteoblastic cell morphol- ogy and cell-to-cell interaction. The CsA-treated ROS cells became more spindle-shaped with a relative loss of uniform cell-cell contact (Fig. l lb) . When ROS cells were treated with CsA (3 p.g/ml) after confluence for 24 hours, the spindle shape was induced with frequent rounding up of cells (Fig.  lld) . When fresh media without CsA was placed on confluent CsA-treated cells, a reversal of effects was complete within 48 hours (not shown).
CsA Effects on ROS Cell Attachment
The ability of ROS cells to attach to 24-well culture plates is shown in Figure 12 . The percentage of attached ROS cells increased with time for both control and CsA (1 p.g/ml)-treated cells; however, CsA-treated cells did not attach as rapidly which resulted in significantly lower numbers of cells attached at 6 and 12 hours after plating. 
Discussion
Profound changes on ROS 17/2.8 cellular activity and morphology were observed with cyclosporin A treatment. The dosages of CsA selected were similar to those used for in vitro studies of CsA effects on bone resorption and osteoclast function [2, 16, 23] and approach the range of blood values found in patients administered CsA [24] . CsA was capable of inhibiting proliferation at doses as low as 0.5 txg/ ml based on the MTT tetrazolium reduction assay. Enumeration by trypan blue exclusion was performed to insure that the CsA was not toxic to the cells. Cell viability was greater than 90% for all treatment groups, eliminating the likelihood of cell toxicity. In addition, the morphologic changes induced by CsA, including a spindloid appearance and detachment from culture dishes, was effectively reversed within 48 hours when cyclosporin A administration was discontinued.
The tetrazoliurn assay was a more sensitive reflection of differences in cell proliferation than the trypan blue dye exclusion method. A similar reduction in cell numbers has been reported for CsA treatment in mitogen-induced proliferation of normal human keratinocytes and umbilical endothelial cells [14] . In our study there was an inhibition of [3H]-thymidine incorporation into DNA in ROS cells treated with CsA as early as 12 hours. This also has been reported for other cell types including lymphocytes, thymocytes, and osteoclasts [16, 25, 26] . CsA was effective in reducing alkaline phosphatase levels in confluent ROS cell cultures. Alkaline phosphatase is considered to be a characteristic marker for the osteoblast phenotype [27] , and levels are elevated in mature ROS 17/2.8 cells with 10 -8 M ],25(OH)zD 3 [28] . CsA was effective in reducing both basal levels and 1,25(OH)2D3-stimulated levels of alkaline phosphatase. CsA has been reported to reduce 1,25(OH)2D3-stimulated osteocalcin levels in primary bone cell populations [29] . These findings, in addition to the CsA alteration of normal osteoblast morphology, reflect a suppression of osteoblastic features. In addition, the findings that CsA reduced cell attachment suggests the CsA-treated ROS cells may have reduced expression of proteins such as fibronectin and osteopontin, which are important for cellmatrix interactions [30, 31] .
The ability of CsA to alter PTH responses was minimal. Although in the presence of PTH, higher concentrations of CsA were required to achieve significant inhibition of proliferation compared with controls, the differences between CsA treatment with and without PTH were not significant. Preincubation with CsA did not alter cAMP production stimulation by PTH, and PTHrP binding was not different when ROS cells were treated with CsA. The findings that CsA did not affect PTH binding are in contrast with a recent study by Chowdhury et al. [5] who report CsA treatment markedly reduced PTH binding to osteoblast-like cells. Several differences exist between their methods and ours which may account for the differing results. Their studies were performed with cells in suspension using a different osteoblast-like cell line (Saos-2) as opposed to the attached cell receptor assay we performed. For any of the CsA-mediated cellular effects reported in this study, differences were not apparent earlier than 5 hours after CsA incubation.
The significance of these findings in relation to CsA effects on the inhibition of in vitro bone resorption and stimulation of bone formation in vivo remain to be elucidated. As the osteoblast is responsible for secreting bone matrix components that are chemotactic for osteoclasts (e.g., osteocalcin, collagen peptides) [32] , in addition to putative factor(s) directly capable of activating osteoclasts [33] , it is possible that CsA alters the ability of osteoblasts to secrete these factors, resulting in a decline of osteoclast recruitment and stimulation. The significance of these findings in regard to bone formation are unclear as b~ne formation is increased with CsA administration in vivo [34] . It is likely that the in vivo effects on the osteoblast are the result of a complex interaction of both the primary effects mediated by CsA and also secondary effects that occur as a result of altered bone remodeling. These will be important avenues of investigation leading to a better understanding of CsA-mediated osteoblast and osteoclast function.
In summary, CsA was capable of (1) inhibiting proliferation and mitogenesis without compromising cell viability, (2) reducing ROS cell alkaline phosphatase levels, and (3) inhibiting ROS cell attachment without having significant effects on PTH-stimulated cAMP levels or PTHrP binding to ROS cell receptors. These findings suggest that CsA has a direct effect on osteoblast-like cells, indicating that CsA effects on bone remodeling may be partly due to osteoblastic modulation.
